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FOREWORD 
This r e p o r t  is t h e  f i n a l  engineering r e p o r t  summarizing t h e  work performed 
under NASA Contract NAS8-20558 e n t i t l e d  "CW Laser System," covering t h e  period 
11 March 1967 t o  11 A p r i l  1968. 
Organization of Sylvania E lec t ron ic  Systems - Western Divis ion,  Mountain V i e w ,  
Ca l i fo rn ia .  M r .  Russe l l  Targ and M r .  J. M. Yarborough were t h e  p r i n c i p a l  in- 
v e s t i g a t o r s  on t h i s  program. M r .  L. E. Wilson provided expert  t e c h n i c a l  
a s s i s t a n c e  i n  both the  design and eva lua t ion  of t h e  f i n a l  laser system, and 
M r .  J. M. French designed t h e  e l e c t r o n i c s  used i n  t h e  frequency s t a b i l i z a t i o n  
system. 
This r e p o r t  w a s  prepared by t h e  Electro-Optics 
A l l  work performed under t h i s  c o n t r a c t  w a s  administered by t h e  As t r ion ic s  
Laboratory, NASA George C. Marshall  Space F l i g h t  Center,  Huntsvi l le ,  Alabama. 
M r .  P e t e r  Marrero is  t h e  p r i n c i p a l  t echn ica l  r e p r e s e n t a t i v e  f o r  t h e  Laboratory. 
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ABSTRACT 
Th i s  f i n a l  engineering r e p o r t  summarizes t h e  r e s u l t s  of t h e  second phase 
of a research,  design,  and development program which has  r e s u l t e d  i n  t h e  de- 
l i v e r y  of a frequency-stabi l ized argon FM laser. I n  t h e  f i r s t  phase of  t h i s  
program, we obtained 150 mW of single-frequency power a t  51452, using t h e  
supermode technique with t h e  argon FM laser. 
t o  t h e  development of an automatic frequency c o n t r o l  system t o  s t a b i l i z e  t h e  
frequency of t h e  FM laser with r e spec t  t o  the c e n t e r  of t h e  514551. f luorescence 
l i n e .  
approximately one p a r t  i n  1 0  on a long-term b a s i s ,  with automatic a c q u i s i t i o n  
of lock. 
axial  mode beats of t h e  FM laser are very much suppressed with r e spec t  t o  t h e  
b e a t s  of  t h e  free-running laser. I n  add i t ion  t o  t h e  suppression of t h e  a x i a l  
mode b e a t s ,  t h e  laser i s  quieted by t h e  e l imina t ion  of t h e  low-frequency in- 
t e n s i t y  f l u c t u a t i o n s  a s soc ia t ed  with mode competit ion and mode pu l l ing .  
normal multimode lasers t h i s  source of n o i s e  predominates a t  low frequencies  
and is  much i n  excess of sho t  noise .  
This  second phase w a s  devoted 
Using t h i s  c o n t r o l  system we  have achieved a frequency s t a b i l i t y  of 
8 
An outs tanding b e n e f i t  of t h i s  frequency s t a b i l i z a t i o n  i s  t h a t  t h e  
I n  
I n  our experiments with t h e  s t a b i l i z e d  FM laser, w e  found t h a t  t h e  a x i a l  
mode b e a t s  up t o  1 GHz are suppressed by 30 dB. Fur the r ,  we  observe a 20 dB 
reduc t ion  i n  the  n o i s e  due t o  mode competition over t h e  DC t o  300 kHz frequency 
range. 
laser t r ack ing ,  doppler r a d a r ,  and communications systems, and makes poss ib l e  
long-range heterodyning o r  homodyning. 
This  s t a b i l i z e d  FM laser provides a g r e a t l y  improved source f o r  u se  i n  
The argon FM laser used i n  t h i s  work i s  an r-f pumped ring-discharge laser, 
120 c m  long. 
c i r c u i t r y  are packaged i n  t h e  laser head, w i th  t h e  power supp l i e s  forming a 
second chass i s .  
The frequency c o n t r o l  e l e c t r o n i c s ,  modulators, and r-f matching 
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I. OBJECTIVE 
The o b j e c t i v e  of t h i s  program w a s  t h e  design, development, and de l ive ry  
of a CW laser system with output  i n  t h e  S-20 photocathode response region. 
The unique f e a t u r e s  of t h i s  system are t h e  abso lu te  frequency s t a b i l i z a t i o n  
of i t s  output  with r e spec t  t o  t h e  cen te r  of t he  f luorescence l i n e  a t  5145g 
and the  suppression of t h e  a x i a l  mode b e a t s  of t h e  laser, giving a de tec ted  
r-f spectrum f r e e  of excess no i se  extending up t o  1100 MHz. 
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11. INTRODUCTION AND SUMMARY 
The argon ion laser is attractive for a wide variety of communication, 
radar, and holographic applications. This attractiveness is due to its high 
CW power output and its operation in the blue-green portion of the optical 
spectrum, where both photocathodes and film have substantial sensitivity. 
A multi-axial-mode free-running argon laser, however, has neither the amplitude 
stability nor the frequency stability required for really satisfactory perfor- 
mance in these applications. In communication applications the excess AM 
noise due to mode-competition and mode-pulling effects, as well as the pre- 
sence of several axial modes, so clutters the laser's output spectrum as to 
reduce its usefulness drastically. 
to have a laser with a coherence length of several meters, but the 5-GHz 
oscillating linewidth of an argon laser gives a very much smaller coherence 
length. We have been able to improve the coherence properties of the argon 
laser substantially by means of an internal phase modulator which locks the 
axial modes of the laser with F'M phases and allows stabilization of the laser 
with respect to the center of the atomic gain profile. 
In holographic applications one would like 
In a high-power argon laser, a great number of axial modes tend to oscillate 
simultaneously. However, because of the 600-MHz homogeneous linewidth in argon, 
adjacent axial modes (typically separated by 150 MHz) compete considerably for 
the same inverted atomic population. This competition results in the inter- 
mittent and non-simultaneous oscillation of nearest-neighbor modes', and the 
generation of low-frequency AM noise . When the optical signal is detected, r-f 
beats are produced by the mixing of the axial modes, and these beats, too, are 
broadened by the competition. Locking the modes together eliminates the effects 
of this competition and suppresses the low-frequency noise at each of the axial 
mode beats. 
modes in an FM fashion at some multiple (nc/2L) of the axial mode interval. 
2 
Further, many beats can be eliminated altogether by locking the 
By locking the modes of the argon laser and stabilizing its frequency to 
one part in lo8, we have suppressed the axial mode beats by 30 dB to 1100 MHz 
and have reduced the low-frequency noise (bandwidth 300 kHz) by 20 dB. To 
2 
i nc rease  t h e  laser's coherence length ,  w e  have converted i ts  output  t o  a s i n g l e  
frequency v i a  t h e  supermode technique . A monochromatic s t a b i l i z e d  output ,  of 
course,  corresponds t o  a very g r e a t  coherence length .  
3 
I n  t h e  s e c t i o n s  t h a t  fol low,  we desc r ibe  t h e  s t a b i l i z a t i o n  and qu ie t ing  we 
have achieved. 
we ob ta in  from s t a b i l i z e d  FM opera t ion  of t h e  laser. 
d i scuss  t h e  cons t ruc t ion  of t h e  argon FM laser used i n  t h i s  work. 
d e s c r i p t i o n  of t h i s  laser w a s  given i n  last y e a r ' s  F i n a l  Engineering Report ,  
"CW Laser System f o r  t h e  Generation of Single-Frequency Light ,"  prepared under 
t h i s  same c o n t r a c t  . Sect ion  I V  a l s o  desc r ibes  t h e  o r i g i n  of t h e  FM discr imi-  
nant  used t o  s t a b i l i z e  the  laser, toge ther  with t h e  design cons idera t ions  and 
performance of t he  frequency s t a b i l i z a t i o n  system. Sect ion V p re sen t s  in for -  
mation on t h e  use of t h e  supermode laser i n  holographic app l i ca t ions .  
I n  Sec t ion  I11 w e  desc r ibe  t h e  va r ious  types of no i se  suppression 
I n  Sect ion IV we b r i e f l y  
A d e t a i l e d  
4 
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111. NOISE REDUCTION FOR COMMUNICATION AND RADAR APPLICATIONS 
A. INTRODUCTION 
The two dominant sources  of no i se  i n  t h e  argon laser are t h e  axial mode 
bea t s  and n o i s e  due t o  mode competit ion.  Both of t h e s e  sources  genera te  
n o i s e  power 20 t o  40 dB above shot  no ise .  One would, of course,  l i k e  t o  
have a system designed s o  t h a t  t h e  dominant no i se  source i s  sho t  no i se  from 
t h e  incoming s i g n a l  . 
B. AXIAL MODE BEATS 
A laser with a one-meter mi r ro r  s epa ra t ion  w i l l  have axial mode b e a t s  
occur r ing  every 150 MHz, up t o  a frequency approximately equal  t o  i ts  t o t a l  
o s c i l l a t i n g  l inewidth .  
s i g n a l s  are i n  gene ra l  l a r g e  compared with t h e  incoming s i g n a l  modulation, 
and thus  have t o  be f i l t e r e d  out .  The bea t s  a l s o  l i m i t  t h e  bandwidth t h a t  
one can use i n  a broadband system. 
shown i n  Figure l a .  
seen from 150 MHz t o  900 MHz. I n  Figure l b ,  we  have t h e  same laser power, 
but  t h e  modes have been locked i n  an FM fash ion  a t  3c/2L. The i n t e r n a l  
phase modulator dr iven  a t  3c/2L = 450 MHz i s  a b l e  t o  quench two out  of every 
5 t h r e e  modes because of t he  600 MHz of t h e  homogeneous l inewidth i n  argon . 
This r e s u l t s  i n  the suppression of a l l  axial mode b e a t s  up t o  900 MHz. The 
bea t s  a t  1 5 0 ,  300, 600, and 750 are e n t i r e l y  suppressed because no modes are 
o s c i l l a t i n g  with these  a x i a l  mode separa t ions  . Fur the r ,  as explained below, 
t h e  bea t  a t  450 MHz is suppressed by 30 dB due t o  t h e  frequency s t a b i l i z a t i o n .  
The suppression of axial  mode bea t s ,  as shown i n  Figure l b ,  w a s  one of t h e  main 
ob j ect ives of t h i s  program. 
I n  an o p t i c a l  communications r ece ive r  t h e s e  beat  
The free-running a x i a l  mode bea t s  are 
I n  t h i s  broadband spectrum analyzer  d i sp l ay ,  bea t s  are 
3 
C. MODE-COMPETITION NOISE* 
Another advantage of locking the  modes is  t h e  reduct ion  of low-frequency 
2 no i se  due t o  mode competit ion I n  the  free-running laser, modes are a b l e  t o  
*The i n v e s t i g a t i o n  of techniques f o r  t h e  suppression of low-frequency no i se  
and of f -ax is  modes w a s  supported by t h e  Sylvania Independent Research and 
Development Program, and made use of t h e  laser developed on t h i s  NASA c o n t r a c t .  
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1. Laser Noise Suppression. la. Ax ia l  mode beats t o  1100 MHz 
for  a free-running laser. lb, Beat suppression r e s u l t i n g  from 
laser  operat ion,  w i t h  the same outpu t  power as i n  la. IC, bow 
frequency laser  noise, before and a f t e r  coup l ing  the  1 
Lower t race  showing quiet ing,  has been o f f s e t  10 DB f o r  c l a r i t y .  
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oscillate with time-varying relative phases and amplitudes. These modes, 
separated by c/2L, compete for the same inverted population within the 600 
MHz homogeneous linewidth. 
noise shown in Figure IC. 
shows the low-frequency noise of a free-running argon laser from DC to 300 kHz. 
We have perhaps 20 modes oscillating here. The lower trace, offset by 10 dB, 
shows the 20 dB of quieting achieved by locking the laser modes with the intra- 
cavity modulator. 
This competition produces the excess low-frequency 
The upper trace in this spectrum analyzer display 
The spectrum analyzer sweep speed was 1/30 second, and the exposure time 
of the photographs was approximately 1/10 second. 
noise is essentially indistinguishable from the shot noise, and noise sup- 
pression of 20 dB is typical. A s  long as a single mode-locked spectrum was 
observed, the suppression was unaffected by the strength and frequency of the 
internal phase modulation (c/2L, 2c/2L, and 3c/2L) and was also unaffected by 
the detuning of the modulation frequency required to achieve FM laser operation. 
In both cases the residual 
D. SUPPRESSION OF OFF-AXIS MODES 
In addition to quieting amplitude noise fluctuations due to mode competition, 
the mode coupling was also observed to suppress oscillations in off-axis modes 
(higher order transverse modes). 
laser, all modes do not necessarily oscillate simultaneously . We hypothesize 
that in the usual free-running case, the temporary absence of a given axial 
mode may allow the emergence of an otherwise below-threshold off-axis mode. 
Since the axial and off-axis modes share, to some extent, the same inverted 
population, we can quench the off-axis modes by any mode coupling technique 
that eliminates competition and guarantees that all of the axial modes oscil- 
late all of the time. 
It is well known that in the free-running 
1 
We observed the transverse mode pattern and saw that the off-axis modes 
were suppressed by the mode locking. In order to determine that the loss 
generated by the phase modulation was not by itself reducing the off-axis 
modes below threshold, we introduced an equivalent loss into the cavity and 
observed that the off-axis modes continued to oscillate. The loss due to 
6 
t h e  modulator may he lp  t o  put  t h e  off-axis  modes below th re sho ld ,  but  mode 
competit ion appears t o  be t h e  primary reason f o r  t h e i r  suppression i n  phase- 
locked and FM operat ion.  
The e f f e c t  of t h i s  mode locking is shown i n  Figure 2. I n  Figure 2a w e  
have t h e  bea t  spectrum of a free-running 50 mW He-Ne laser with c/2L = 75 MHz 
and with o f f - ax i s  modes displaced from t h e  a x i a l  modes by 15 MHz. 
hand po r t ion  of t h e  f i g u r e ,  w e  have locked t h e  a x i a l  modes and suppressed t h e  
b e a t s  w i th  t h e  off-axis  modes by 30 dB. Figure 2b shows t h e  bea t  spectrum of  
a 300 mW argon laser with o f f - ax i s  modes, before  and a f t e r  mode locking. 
I n  t h e  r i g h t -  
I n  t h e  mode-locked case t h e r e  can be no no i se  due t o  t h e  combination tones 
6 
(bea t s  between unequally spaced a x i a l  modes) , s i n c e  f o r  both FM and phase- 
locked ope ra t ion  the  modes are equal ly  spaced; 
with a mode and cannot be dis t inguished from it .  
is  el iminated,  t h e  re la t ive phases of t h e  modes are no longer random, and t h e  
mode sepa ra t ions  are f i x e d  and equal,  s o  t h e r e  are  no more random mode p u l l i n g s  
and g ross  amplitude f l u c t u a t i o n s  of t h e  ind iv idua l  modes. 
r e s i d u a l  n o i s e  may s t i l l  remain a f t e r  mode locking has been achieved, due t o  
va r ious  random f l u c t u a t i o n s  i n  t h e  laser elements, as w e l l  as t o  spontaneous 
emission i n t o  t h e  ind iv idua l  modes. 
each combination tone coincides  
Moreover, mode competit ion 
Of course,  some 
7 
CY 100 MHzlD 
(b) 
DES BEFORE A 
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I V .  THE FREQUENCY-STABILIZED USER 
A. INTRODUCTION 
I n  t h i s  s e c t i o n  w e  p re sen t  t h e  design cr i ter ia  and r e su l t s  obtained with 
W e  f i r s t  o u t l i n e  t h e  cons t ruc t ion  of t h e  frequency-stabi l ized laser system. 
t h e  r-f exc i t ed  FM laser. 
followed by a d e t a i l e d  d i scuss ion  of t he  servo-control system. F ina l ly ,  we  
p re sen t  and d i scuss  d a t a  taken using t h e  completed f r equency- s t ab i l i za t ion  
system. 
An explanat ion of t h e  FM discr iminant  i s  then given, 
B. THE ARGON FM LASER 
I n  t h i s  s e c t i o n  w e  d e s c r i b e  t h e  argon laser and t h e  s t a b i l i z a t i o n  system 
The laser i s  an r-f-excited,  r ing-  used i n  t h e  experiments descr ibed above. 
discharge laser . A photograph of t h e  laser, toge the r  with i t s  s t a b i l i z a t i o n  
e l e c t r o n i c s ,  i s  shown i n  Figure 3 .  A s  can be seen, t h e  laser,  modulators, r-f 
matching c i r c u i t r y ,  and s t a b i l i z a t i o n  e l e c t r o n i c s  are contained i n  a s i n g l e  
package. 
and both t h e  plasma tube and laser  base p l a t e  are water cooled. 
7 
Laser e x c i t a t i o n  is  provided by an e x t e r n a l  5 kW r-f power supply, 
The discharge length i s  40 cm, and the  laser is  capable of 800 mW a t  
51452 with a 4% t r ansmi t t i ng  mi r ro r  a t  one end and with no intra-cavi ty  
modulator. 
square c r y s t a l  of 45' Z-cut KDP . 
i t s  measured single-pass l o s s  of 1.5% i n t o  t h e  c a v i t y  decreased t h e  power of 
t h e  laser t o  350 mW a t  5145a. 
des i r ed  FM output e f f e c t e d  no f u r t h e r  power l o s s .  
The in t r a -cav i ty  phase modulator c o n s i s t s  of a 4 cm long x 4 mm 
8 I n s e r t i o n  of t h e  modulator c r y s t a l  with 
Driving t h e  modulator so  as t o  produce t h e  
Driving t h e  modulator a t  a frequency s l i g h t l y  detuned from t h e  axial  
mode spacing (c/2L) r e s u l t s  i n  extremely large FM laser modulation i n d i c e s  
(I' 15) a t  t h e  ga ins  of i n t e r e s t  i n  argon. A t  t h e s e  l a r g e  r's, t h e  FM 
laser output is q u i t e  highly d i s t o r t e d  and t y p i c a l l y  non-quenched ( i . e . ,  more 
than one FM o s c i l l a t i o n  e x i s t s  simultaneously).  However, a low d i s t o r t i o n ,  
quenched FM output  with a reasonably low modulation index can be achieved 
by d r iv ing  t h e  in t r a -cav i ty  modulator a t  a frequency s l i g h t l y  detuned from 
9 
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3c/2L (3c/2L f o r  t h i s  laser is  467 MHz). 
homogeneous l i newid th  of argon i s  s u f f i c i e n t  t o  prevent t h e  simultaneous o s c i l -  
l a t i o n  of two FM s i g n a l s  with t h e i r  modes in t e r spe r sed .  The o p t i c a l  spectrum 
t y p i c a l  of t h e  s t a b i l i z e d  FM laser is shown i n  Figure 4a. Figures  4b and 4c 
show t h e  s p e c t r a  of t h e  laser when it  is  phase-locked a t  c/2L and 3c/2L, re- 
spec t ive ly .  Figure 4d shows t h e  single-frequency output  obtained using t h e  
supermode technique. Most of t h e  base l ine  c l u t t e r  is  due t o  off-axis  modes 
i n  t h e  scanning Fabry-Perot i n t e r f e romete r ,  r a t h e r  than t o  r e s i d u a l  sidebands. 
I n  t h i s  case t h e  pressure-broadened 
C. THE FM DISCRIMINANT 
A s  a r e s u l t  of t h e  FM process ,  t he  relative amplitudes, f requencies ,  and 
phases of t h e  FM laser's s p e c t r a l  components are. s u b s t a n t i a l l y  con t ro l l ed .  
However, t h e  e n t i r e  FM spectrum is  f r e e  t o  d r i f t  over  a range of f requencies  
a t  least equal  t o  t h e  a x i a l  mode i n t e r v a l  of t h e  laser. The c o n t r o l  system 
allows us t o  abso lu t e ly  s t a b i l i z e  t h e  frequency of t h e  FM carrier with r e spec t  
t o  t h e  c e n t e r  frequency of  t h e  doppler-broadened laser gain curve. 
I f  t h e  FM laser s p e c t r a l  make-up were a p e r f e c t ,  und i s to r t ed  FM s i g n a l ,  
t h e r e  would be no bea t  f requencies  (between nearest-neighbor modes) p re sen t  
10  when t h e  laser output  i s  detected.  
w e  have performed wi th  t h e  FM laser, it  i s  clear t h a t  t h e r e  i s  some harmonic 
d i s t o r t i o n  i n  t h e  FM laser spectrum, and t h i s  d i s t o r t i o n  g ives  rise t o  a s m a l l  
bea t  s i g n a l  i n  t h e  de t ec t ed  laser s igna l .  
r e s i d u a l  bea t  is  a func t ion  of t h e  harmonic d i s t o r t i o n  r e s u l t i n g  from s h i f t s  
i n  t h e  c e n t e r  of t h e  FM spectrum with r e spec t  t o  t h e  f luorescence l i n e  of t h e  
laser. 
phase pe r tu rba t ion  are held constant  along with t h e  excess ga in  of t h e  laser, 
then t h e  frequency of t h e  laser can be con t ro l l ed  by holding t h e  amplitude and 
phase of t h e  harmonic d i s t o r t i o n  constant ,  p re fe rab ly  a minimum. 
From t h e  theory' and from experiments 
The amplitude and phase of t h i s  
Therefore,  i f  t h e  frequency and modulation index of t h e  in t r a -cav i ty  
The magnitude of t h e  d i s t o r t i o n  i n  t h e  FM s i g n a l  depends on t h e  d i f f e r e n c e  
between the s a t u r a t i o n  amplitude of each given mode and t h e  amplitude required 
f o r  t h e  s p e c i f i c  FM s i g n a l .  
with r e s p e c t  t o  t h e  c e n t e r  of t h e  ga in  curve, amplitudes and phases w i l l  be 
However, i f  t h e  c e n t e r  of t h e  FM spectrum d r i f t s  
11 
12 
d i f f e r e n t  f o r  t h e  corresponding p a i r s  of FM sidebands,  i .e.,  those  whose 
undis tor ted  amplitudes would be Jh(r)  and J (I'). Only when a l l  t h e  FM 
sidebands are symmetrically placed with respect t o  l i n e  cen te r  w i l l  a l l  t h e  
odd harmonic bea t s  between t h e  FM sidebands add t o  zero.  Odd harmonic bea t s  
from t h e  FM sidebands above t h e  center ,  o r  c a r r i e r ,  frequency of t h e  FM 
o s c i l l a t i o n  w i l l  be exac t ly  cancel led by t h e  con t r ibu t ions  from t h e  sidebands 
below t h e  cen te r  frequency of t h e  o s c i l l a t i o n .  
w e  have 180' phase d i f f e r e n c e  between t h e  bea t s  from corresponding p a i r s  of 
modes. When t h e  FM carrier mode s h i f t s  from l i n e  cen te r  due t o  a change i n  
t h e  laser c a v i t y  length ,  cance l l a t ion  w i l l  not  be complete, and a d e t e c t o r  
w i l l  be a b l e  t o  d e t e c t  an odd harmonic bea t  whose phase i s  r e l a t e d  t o  t h e  
d i r e c t i o n  of frequency s h i f t  with respect t o  l i n e  c e n t e r .  The e f f e c t  of t h i s  
s h i f t  is shown schematical ly  i n  Figure 5. 
-n 
Cance l la t ion  w i l l  occur when 
When t h e  FM carrier d r i f t s  from l i n e  cen te r ,  both t h e  mode amplitudes 
and phases are no longer symmetrical about t h e  FM c a r r i e r .  Consequently, 
t he  beat  of Jo and J1 are no longer equal t o ,  o r  exac t ly  out  of phase 
with,  t h e  beat  of Jo and J-l. S imi la r ly ,  t h e  beat  of J1 and J2 i s  no 
longer equal t o ,  o r  exac t ly  out  of phase with,  t h e  beat  of J-l and J,2, 
and so on. 
Thus, t h e  amplitude of t h e  beat  no te  ( a r i s i n g  from AM d i s t o r t i o n  of t h e  
FM laser output )  a t  t h e  intermode separa t ion  frequency is  propor t iona l  t o  t h e  
ex ten t  of dev ia t ion  from l i n e  c e n t e r ,  and i t s  r-f phase s h i f t s  by 180' as t h e  
carrier mode crosses  the  center of t he  ga in  p r o f i l e .  This phase s h i f t  of t h e  
de tec ted  beat  s i g n a l  a l lows the  bea t  t o  be used as a discr iminant  t o  frequency 
s t a b i l i z e  t h e  FM laser without need f o r  any "di ther"  s igna l ,  s ince  t h e  bea t  
conta ins  both t h e  necessary amplitude and phase information. 
A t y p i c a l  discr iminant  based on t h i s  p r i n c i p l e  i s  shown i n  Figure 6. To 
ob ta in  t h i s  o sc i l l o scope  t r a c e ,  one of t h e  mir rors  of t h e  FM laser i s  dr iven  
through an o p t i c a l  ha l f  wave, by the  same sawtooth vol tage  t h a t  d r i v e s  t h e  
osc i l l o scope  sweep. 
t he  laser cav i ty ,  c/2L = 150 MHz. 
The absc i s sa  corresponds t o  one axial  mode i n t e r v a l  of 
The o r d i n a t e  is  propor t iona l  t o  t h e  log  of 
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t h e  bea t  power a t  450 MHz = 3c/2L. 
is moved, t h e  maximum bea t  power is  a t  least 20 dB above t h e  n o i s e  level of 
t h e  receiver. The receiver used t o  make t h i s  observat ion i s  a Mewlett-Packard 
microwave spectrum analyzer .  This  instrument w a s  chosen because of i t s  
logari thmic a m p l i f i e r  and tunab le  passband. However, i t s  s e n s i t i v i t y  i s  15 dB 
less than t h e  narrow-band d e t e c t o r  w i th in  our  s t a b i l i z a t i o n  system ( t o  be shown 
i n  t h e  next s e c t i o n ) .  
The f i g u r e  shows t h a t  as t h e  laser mi r ro r  
A t  a po in t  where t h e  discr iminant  f a l l s  t o  w i t h i n  3 dB of t h e  spectrum- 
Since t h e  amplitude of t h e  analyzer  no i se ,  i t  has  a width of about 15 MHz. 
discr iminant  is  l i n e a r l y  p ropor t iona l  t o  t h e  frequency dev ia t ion  from l i n e  
c e n t e r ,  w e  b e l i e v e  t h a t  t h e  15 dB a d d i t i o n a l  s e n s i t i v i t y  of t h e  s t a b i l i z a t i o n  
system w i l l  a l low c o n t r o l  of t h e  laser frequency t o  wi th in  1 t o  2 MHz, as w a s  
achieved using a similar system f o r  t h e  s t a b i l i z a t i o n  of a He-Ne laser . 10 
D. DESIGN OF THE STABILIZATION SYSTEM 
The primary func t ion  of t h e  s t a b i l i z a t i o n  system i s  t o  p o s i t i o n  t h e  mi r ro r s  
a t  e i t h e r  end of t h e  laser c a v i t y  so  t h a t  t h e  mi r ro r  s epa ra t ion  i s  independent 
of thermal and a c o u s t i c a l  f l u c t u a t i o n s .  This  condi t ion i s  achieved by s p l i t t i n g  
a s m a l l  po r t ion  of t h e  laser output  (10 microwatts)  and d i r e c t i n g  i t  upon a 
photodiode, as shown i n  Figure 7. The narrow-band preamplif ier  centered a t  
3c/2L = 467 MHz then ampl i f i e s  t h i s  s i g n a l  by 26 dB with an 8 dB n o i s e  f igu re .  
The n o i s e  f i g u r e  of t h e  c o n t r o l  loop is  thus e s t a b l i s h e d ,  and t h e  detected 
s i g n a l  has s u f f i c i e n t  power t o  be down-converted t o  1 MHz i n  t h e  mixer. It i s  
then passed onto t h e  1 MHz IF ampl i f i e r  where the  bulk of t h e  system loop ga in  
is realized. The bandpass c h a r a c t e r i s t i c s  of t h e  400 kHz bandwidth IF ampli- 
f i e r  are important i n  t h a t  any phase o r  amplitude d i s t o r t i o n  i n  t h e  detected 
s i g n a l  w i l l  cause i n s t a b i l i t i e s  i n  t h e  loop compensation system. It w a s  f o r  
t h i s  reason t h a t  a "rnaximumly f l a t "  c h a r a c t e r i s t i c  w a s  chosen. 
The output  of t h e  I F  a m p l i f i e r  i s  compared with a 1 MHz standard o s c i l l a t o r  
which y i e l d s  the  phase information as t o  which d i r e c t i o n  the  p i e z o e l e c t r i c  
t ransducer  must move i n  o rde r  t o  compensate f o r  any f l u c t u a t i o n s  i n  c a v i t y  
length.  The amplitude of t h i s  e r r o r  s i g n a l  determines t h e  rate of  compensation. 
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An i n t e g r a t o r  is  used between t h e  phase-sensit ive d e t e c t o r  and t h e  c o n t r o l  
elements, t o  convert  t h e  e n t i r e  loop t o  a f i r s t - o r d e r  system with no n e t  
DC p o s i t i o n a l  e r r o r .  
I n  o rde r  f o r  t h e  system t o  funct ion c o r r e c t l y ,  t h r e e  s i n u s o i d a l  d r i v e  
s i g n a l s  are required.  The f i r s t  s i g n a l  is t h e  467 MHz modulator d r i v e  s i g n a l .  
This s i g n a l  is suppl ied t o  a power a m p l i f i e r  which provides one t o  t h r e e  w a t t s  
of power t o  t h e  KDP phase modulator used t o  couple laser modes. 
Since t h e  change i n  phase of t h e  467 MHz bea t  s i g n a l  from t h e  FM laser  
produces t h e  discr iminant  which ope ra t e s  t h e  e n t i r e  loop, w e  must f i n d  a way 
t o  heterodyne t h e  de t ec t ed  s i g n a l  down t o  a lower frequency and y e t  preserve 
a l l  t h e  phase information. This heterodyning i s  accomplished by phase-locking 
t h e  466-MHz voltage-controlled l o c a l  o s c i l l a t o r  t o  t h e  467-MHz modulator 
d r i v e r  via  a 1 MHz standard o s c i l l a t o r .  This  then means t h a t  no matter what 
precise frequency t o  which t h e  modulator d r i v e r  i s  tuned, we w i l l  have a 
l o c a l  o s c i l l a t o r  s i g n a l  which is o f f s e t  by 1 MHz, and t h e  d i f f e r e n c e  between 
t h e s e  is p r e c i s e l y  f i x e d  i n  phase with r e spec t  t o  t h e  1 MHz standard.  
f o r e ,  as t h e  o p t i c a l  c a v i t y  d r i f t s  thermally o r  a c o u s t i c a l l y ,  t h e  change i n  
phase of t h e  467 MHz bea t  s i g n a l  w i l l  be  de t ec t ed  by t h e  preamp and I F ,  and 
w i l l  then form t h e  discr iminant  i n  t h e  phase de t ec to r .  
There- 
A s  a r e s u l t  of t h e  phase information inherent  i n  t h e  FM discr iminant ,  
t h e  e r r o r  s i g n a l  is  always of t h e  c o r r e c t  s ign.  Thus t h e  system acqu i re s  
lock automatical ly;  and i f  lock should be l o s t ,  i t  is  re-establ ished with- 
ou t  manual i n t e rven t ion .  
The block diagram as shown is, of course,  abbreviated.  Located through- 
ou t  t h e  loop are numerous bu f fe r  ampl i f i e r s .  
t h e  c a p a b i l i t y  of being converted t o  a DC p o s i t i o n a l  ampl i f i e r  w i t h  a 
manually-controlled o f f s e t .  This enables t h e  ope ra to r  t o  manually p o s i t i o n  
t h e  laser mi r ro r  and i n v e s t i g a t e  t h e  n a t u r e  of  t h e  FM discr iminant  without t h e  
a c t i o n  of t h e  c o n t r o l  loop. 
The main loop i n t e g r a t o r  has 
17 
One of t h e  problems inherent  i n  t h e  s t a b i l i z a t i o n  of lasers is t h a t  t h e  
amount of thermal  expansion i n  t h e  laser c a v i t y  can be many o p t i c a l  ha l f -  
wavelengths. The p i e z o e l e c t r i c  t ransducer ,  however, can move through only 
two o r  t h r e e  half-wavelengths with maximum vol tage  appl ied .  
compensate f o r  t h e  slow thermal d r i f t s  i n  t h e  l eng th  of t h e  laser c a v i t y ,  
a thermal t ransducer  w a s  placed behind one of t h e  laser mi r ro r s  as shown i n  
Figure 6. This  t ransducer  is  simply an aluminum spool  wound wi th  hea t ing  
w i r e .  When t h e  vo l t age  appl ied  t o  t h e  p i e z o e l e c t r i c  t ransducer  begins  t o  
exceed t h e  designated range, t h e  t ransducer  ampl i f i e r  d r i v e s  c u r r e n t  i n t o  
t h e  hea t ing  element, which i n  t u r n  compensates f o r  expansion and con t r ac t ion  
of t h e  laser cav i ty .  
level a t  a cons tan t  l e v e l  of about 100 v o l t s .  The thermal t ransducer  can 
move t h e  laser mi r ro r  through 80 half-wavelengths, and i t  has a t i m e  cons tan t  
of about 5 seconds. 
ad jus ted  t o  reduce i t s  thermal d r i f t  i n  order  t o  keep t h e  cu r ren t  l e v e l s  i n  
t h e  t ransducer  a t  reasonable  levels. 
I n  order  t o  
This  a l s o  has the  e f f e c t  of keeping t h e  i n t e g r a t o r  DC 
The water flow through the  base p l a t e  of t h e  l a s e r  is  
E. OPERATION OF THE STABILIZATION SYSTEM 
W e  v e r i f i e d  t h e  ope ra t ion  of t h e  s t a b i l i z a t i o n  system by simultaneously 
recording t h e  magnitude of t he  r e s i d u a l  axial  mode bea t ,  and t h e  vo l t age  
appl ied  t o  t h e  p i ezo -e l ec t r i ca l ly  con t ro l l ed  mir ror .  The theory of t h e  FM 
discr iminant  te l ls  us t h a t  t h e  de tec ted  power i n  t h e  axial  mode bea t  no te  
i s  l i n e a r l y  propor t iona l  t o  the  FM spectrum's dev ia t ion  from l i n e  cen te r .  
The magnitude of t h e  r-f bea t  a t  467 MHz i s  displayed on a logar i thmic  
The re ference  l e v e l  f o r  t h e  uns t ab i l i zed  s c a l e  i n  t h e  upper t r a c e  i n  Figure 8. 
laser is shown a t  t h e  l e f t  ( t h e  loop w a s  disconnected momentarily), and the  
suppression i s  seen t o  be about 30 dB. This suppression,  of course,  means t h a t  
t h e  FM spectrum i s  being held c l o s e  t o  t h e  cen te r  of t h e  atomic line. 
The opera t ion  of t he  thermal t ransducer  is  v e r i f i e d  by t h e  lower t r a c e  i n  
Figure 8, which is  a s t r i p  c h a r t  recording of t h e  vo l t age  appl ied  t o  t h e  piezo- 
e l e c t r i c  t ransducer .  It is  seen t h a t  t h e  DC level of t h e  t ransducer  is f r e e  
of any n e t  d r i f t .  
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The t i m e  cons tan t  of t h e  thermal t ransducer  is shown g raph ica l ly  a t  t h e  
l e f t  end of t h e  lower trace. 
t ransducer  has  no cu r ren t  passing through it .  
electric t ransducer  vo l t age  c ros ses  a pre-set  th reshold  (about one-third of t h e  
maximum permit ted vo l t age ) .  A t  t h a t  t i m e  t h e  temperature of t h e  thermal t rans-  
ducer i s  increased u n t i l  i t s  expansion s u f f i c i e n t l y  compensates f o r  t h e  laser 
d r i f t  t o  allow the  vo l t age  on t h e  p i e z o e l e c t r i c  t ransducer  t o  f a l l  below t h e  
spec i f i ed  value.  
monotonically u n t i l  i t  reaches a threshold  value,  a t  which t i m e  t h e  thermal 
t ransducer  begins t o  hea t  and r e t u r n  t h e  con t ro l  vo l t age  t o  i t s  des i red  con- 
t r o l  range. This  f u l l  sequence i s  seen t o  t ake  about e igh t  seconds. 
When t h e  system is f i r s t  locked, t h e  thermal 
This  is t h e  case u n t i l  t h e  piezo- 
This opera t ion  is  c l e a r l y  shown. The con t ro l  vo l t age  rises 
Unfortunately,  we d id  not  have a second s t a b l e  single-frequency source 
a t  51452 t o  heterodyne with our laser t o  determine i t s  a c t u a l  s t a b i l i t y  . 
However, we  know t h a t  a half-wave motion of t h e  piezo-mounted laser mir ror  
w i l l  cause a frequency s h i f t  of 150 MHz. 
t h e  bea t  s i g n a l  i s  seen t o  pass  through i ts  minimum value.  
displacement of t h e  mir ror  corresponding t o  only a few MHz is s u f f i c i e n t  t o  
cause t h e  beat  s i g n a l  t o  rise above i ts  -30 dB value,  and w e  t ake  t h i s  measure- 
ment as i n d i c a t i v e  of t h e  s t a b i l i z a t i o n  we have achieved. 
10 
I n  such a t r a n s l a t i o n  of t h e  mir ror ,  
We observe t h a t  a 
21 
V. LONG-COHERENCE HOLOGRAPHIC SOURCE 
A . '  COHERENCE LENGTH DEFINITION 
I n  holography, t h e  t o t a l  a v a i l a b l e  f i e l d  of view i s  dependent on t h e  
c o r r e l a t i o n  of l i g h t  s c a t t e r e d  from one poin t  i n  t h e  ob jec t  t o  l i g h t  s c a t t e r e d  
from another  po in t  a d i s t ance  R away. With a multimode, uns t ab i l i zed  laser, 
i f  t h e  t i m e  delay,  
waves do not  i n t e r f e r e  wi th  t h e  r e fe rence  wave i n  a l i k e  manner, and t h e  two 
p o i n t s  cannot be recorded on t h e  same hologram. 
t h e  coherence p r o p e r t i e s  of a l i g h t  source. 
r e l evan t  t o  holography i s  t h e  d e s c r i p t i o n  of o p t i c a l  coherence i n  terms of t h e  
v i s i b i l i t y  of t h e  i n t e r f e r e n c e  f r i n g e s  produced by mixing po r t ions  of t h e  op t i -  
c a l  s i g n a l  having experienced d i f f e r e n t  t i m e  de lays  i n  reaching t h e  poin t  where 
11 i n t e r f e r e n c e  t akes  p l ace  . 
T = R/c, between two p o i n t s  i s  too g r e a t ,  t h e  two ob jec t  
There are many formulat ions f o r  
One of t h e s e  which seems p a r t i c u l a r l y  
I f  l i g h t  from a multimode laser i s  introduced i n t o  an  equal-arm Michelson 
in te r fe rometer ,  one w i l l  observe sharp i n t e r f e r e n c e  f r inges .  The v i s i b i l i t y  
of t h e  f r i n g e s  i s  def ined  
- 
max Imin 
Imax + Imin 
I 
IRI  = 
as : 
where I and Imin are the  maximum and 
minimum i n t e n s i t y .  
max 
This func t ion  i s  seen t o  go t o  un i ty  when I goes t o  zero.  A s  one of 
t h e  mi r ro r s  of t h e  Michelson in te r fe rometer  i s  drawn away, causing the  arms 
t o  be of unequal length ,  t he  f r i n g e s  w i l l  be  seen wi th  reduced c o n t r a s t .  
Mandel and Wolf12 have def ined a gene ra l ly  app l i cab le  c r i t e r i o n  f o r  coherence 
l eng th  as t h e  d i f f e r e n c e  i n  pa th  length  which w i l l  s t i l l  g ive  f r i n g e s  whose 
v i s i b i l i t y  is g r e a t e r  than 0.88. T h i s  d i f f e r e n c e  i n  path l eng th  R i s  equi- 
va l en t  t o  the  depth of f i e l d  t h a t  one can ob ta in  i n  a hologram taken with a 
laser of given coherence length .  
min 
B .  COHERENCE LENGTH OF THE SUPERMODE LASER 
An i d e a l  single-frequency laser w i l l  produce sharp i n t e r f e r e n c e  f r i n g e s  
f o r  a r b i t r a r i l y  l a r g e  f i e l d s  of view, corresponding t o  an  i n f i n i t e  coherence 
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length.  
modes approaches R = c / ( 4  A v) ,  where e is t h e  v e l o c i t y  of l i g h t  and A v 
i s ' t h e  o s c i l l a t i n g  bandwidth of t h e  laser. For a n  argon laser with 5 GHz 
l inewidth,  R i s  approximately 1.5 cm. Because lasers produce an output  
of regularly-spaced frequencies  separated by t h e  axial  mode i n t e r v a l  
a region of  coherence depth 
laser l eng th .  
The coherence l eng th  of a laser with a l a r g e  number of o s c i l l a t i n g  
1 
c/2L, 
R w i l l  be found a t  i n t e g r a l  m u l t i p l e s  of t h e  
Single-frequency ope ra t ion  of t h e  argon laser has  been obtained with t h e  
3 supermode technique . The supermode output is  der ived by f i r s t  locking t h e  
modes of t h e  laser t o  form t h e  sidebands of an FM s i g n a l ,  and then passing 
t h i s  s i g n a l  through an e x t e r n a l  modulator d r iven  out  of phase with t h e  in-  
coming s i g n a l .  
r = r  - . Hence, t h e  supermode output i s  
r e a l l y  a n  FM s i g n a l  with a very low (preferably 0) modulation index. 
i n  t h e  supermode output i s  not  diminished by t h e  FM o r  supermode processes.  
The r e s u l t a n t  output  i s  an FM s i g n a l  with a modulation index 
FM laser output r ex te rna l  modulator 
The power 
For an FM laser,  t h e  mode amplitudes are given by E = Jn(r)  and t h e  
frequencies  are given by f + n vm, where Jn i s  t h e  Bessel func t ion  of 
o rde r  n, f is  t h e  frequency of t h e  FM carrier, and vm is t h e  modulation 
frequency. 
func t ion  f o r  t h i s  case. Here t h e  f r i n g e  v i s i b i l i t y  R (T) i s  given as a 
func t ion  of t i m e  delay 'I i n  t h e  f i e l d  of view. 
n 
0 
0 
Osterink13 has derived an expression f o r  t h e  f i r s t  o rde r  coherence 
E 
R  RE(^) = J0 (2 r  s i n  7~ vm') = Jo (2 r  s i n  71 -) 
'm 
For any r # 0 (non-zero FM sidebands),  t h e  coherence func t ion  e x h i b i t s  
However, t h e  coherence func t ion  never f a l l s  r i p p l e s  with a per iod 
below 0.88 unless  r > 0.352. Consequently, using Mandel's d e f i n i t i o n  of 
R = nXm. 
coherence length,  an i d e a l  FM laser with r < 0.352 would have a n  i n f i n i t e  
coherence length.  From our  p a s t  experience,  i t  i s  easy t o  l i m i t  t h e  modulation 
index of  t h e  supermode output  t o  less than 0.2 radian;  
laser has  t h e  same coherence l eng th  as a single-frequency laser. 
hence, t h e  supermode 
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A s  a r e s u l t  of FM-locking t h e  modes of an argon laser, s t a b i l i z i n g  i t s  
frequency, and convert ing t h e  ou tpu t  t o  a s i n g l e  frequency, t h e  p o t e n t i a l  
of t h e  argon laser has  been g r e a t l y  enhanced under t h i s  program. 
A number of s i g n i f i c a n t  accomplishments have r e s u l t e d  from two yea r s  of  
r e sea rch  and development d i r e c t e d  toward frequency s t a b i l i z a t i o n  and mode 
c o n t r o l  of t h e  argon laser. 
on t h i s  c o n t r a c t  are o u t l i n e d  below. 
Some of t h e  accomplishments r e s u l t i n g  from work 
1) An argon F'M laser head has  been b u i l t  and packaged i n  a conf igu ra t ion  
with no dimension exceeding 120 cm, i n  accordance with NASA requirements. 
2) This laser has been operated with an e x t e r n a l  LiNbO phase modulator 
whose func t ion  w a s  t h e  demodulation of t h e  FM l i g h t  i n t o  a s i n g l e  frequency. 
150 mW of single-frequency l i g h t  has been obtained i n  t h i s  manner. (350 mW 
with a s l i g h t l y  longer  tube) 
3 
3) 
10 
system uses  both p i e z o e l e c t r i c  and thermal c o n t r o l  elements t o  a s s u r e  long- 
term frequency c o n t r o l ,  and automatic a c q u i s i t i o n  of system lock. 
The output  of t h i s  laser has been frequency s t a b i l i z e d  t o  one p a r t  i n  
by means of an active s t a b i l i z a t i o n  system. 8 The frequency s t a b i l i z a t i o n  
4 )  30 dB of suppression of a x i a l  mode b e a t s  w a s  obtained from DC t o  1100 
MHz, as a r e s u l t  of FM laser operat ion (as compared with t h e  free-running 
laser). 
5) 
a l s o  obtained. 
20 t o  30 dB of qu ie t ing  of DC t o  300 kHz mode-competition no i se  w a s  
6 )  
a d d i t i o n a l  r e s u l t  of FM operat ion of t h e  laser. 
A s u b s t a n t i a l  reduct ion i n  t h e  amplitude of o f f - ax i s  modes was a n  
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' 
We have found t h a t  both t h e  He-Ne and t h e  argon lasers have 20 t o  30 dB 
excess  low-frequency AM n o i s e  (above shot  no ise)  when they are allowed t o  
opera te  free-running. It is ,  of course,  very d e s i r a b l e  t o  e l imina te  these  
amplitude f l u c t u a t i o n s  from t h e  laser output .  I n  t h e  course of t h i s  program, 
we  have shown t h a t  t h e  laser i s  quie ted  t o  approximately shot-noise l e v e l s  by 
coupling t h e  modes through t h e  use  of i n t e r n a l  phase modulation. We have a l s o  
shown t h a t  of f -ax is  modes can be s u b s t a n t i a l l y  suppressed by t h i s  technique. 
This work had l e d  us  t o  a sk  a number of important ques t ions  t h a t  should 
be answered by f u t u r e  work i n  t h i s  area: 
1 )  
t o  in t roduce  a modulator i n t o  t h e  laser cav i ty .  W e  should t h e r e f o r e  
determine t h e  answer t o  t h e  quest ion,  can t h e  same quie t ing  be achieved 
with se l f - locking  as with phase-locking? 
It would be advantageous t o  be a b l e  t o  q u i e t  a laser without having 
2) 
locking does? 
Does se l f - locking  suppress higher  order  t r ansve r se  modes as phase- 
3) What, i n  d e t a i l ,  are t h e  parameters f o r  self- locking of d i f f e r e n t  types 
of lasers? Under what condi t ions  can self- locking be obtained i n  argon and 
i n  Nd:YAG? 
4 )  
because of t h e  p o t e n t i a l  of providing a rugged, r e l a t i v e l y  e f f i c i e n t ,  w a t t -  
l e v e l  green source. How do i n t e n s i t y  f l u c t u a t i o n s  i n  t h e  fundamental mir ror  
themselves i n  t h e  second-harmonic l i g h t ?  Is it a s imple  squaring process ,  
o r  are more fundamental no i se  p rope r t i e s  involved? 
Second harmonic genera t ion  using Nd:YAG as a pump i s  of g r e a t  i n t e r e s t  
5) 
s tud ied .  
equiva len t  c a v i t i e s  and output  power? 
The r e s i d u a l  n o i s e  ( l e f t  a f t e r  phase-locking) has not  been experimental ly  
Is a phase-locked laser as qu ie t  as a single-frequency laser, given 
This would be t h e  case i f  mode 
25 
competition accounted for all the noise removed by mode-locking, as 
we have previously suggested . 2 
6 )  How does quieting (or noise) behave as a function of the number of 
modes running, the laser material, the cavity construction, the method 
of excitation, and the environmental conditions? Although some of these 
questions have been treated in detail for single-frequency lasers, a com- 
prehensive study for the multimode laser should be made as well. 
These are, it seems to us, questions of direct relevance to the use of relatively 
high power (and therefore multi-axial-mode) lasers in communications applications. 
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